We investigate the pp → pK + Λ reaction within an effective Lagrangian model where the contributions to the amplitudes are taken into account within the tree level. The initial interaction between the two nucleons in modeled by the exchange of π, ρ, ω and σ mesons and the ΛK + production proceeds via the excitation of the N * (1650), N * (1710), N * (1720) baryonic resonances. The parameters of the model at the nucleon-nucleon-meson vertices are determined by fitting the elastic nucleon-nucleon scattering with an effective interaction based on the exchange of these four mesons, while those at the resonance vertices are calculated from the known decay widths of the resonances as well as the vector dominance model. Available experimental data is described well by this approach. The one-pion-exchange diagram dominates the production process at both higher and lower beam energies. The ρ and ω meson exchanges make negligible contributions. However, the σ-exchange processes contribute substantially to the total cross sections at lower beam energies. The excitation of the N * (1710) and N * (1650) resonances dominate this reaction at beam momenta above and below 3 GeV/c respectively. The interference among the amplitudes of various resonance excitation processes is significant. For beam energies very close to the K + production threshold the hyperon-proton final state interaction effects are quite important. The data is selective about the model used to describe the low energy scattering of the two final state baryons.
I. INTRODUCTION
In recent years there has been a considerable amount of interest in the study of the associated production reaction p + p → p + K + + Λ. This is expected to provide information on the manifestation of quantum chromodynamics (QCD) in the non-perturbative regime larger than that of the low energy pion physics where the low energy theorems and partial conservation of axial current (PCAC) constraints provide a useful insight into the relevant physics [1] . The strangeness quantum number introduced by this reaction leads to new degrees of freedom into this domain which are expected to probe the admixture ofss quark pairs in the nucleon wave function [2] and also the hyperon-nucleon and hyperon-strange meson interactions [3, 4] .
The elementary proton-proton-strange meson production cross sections are the most important ingredients in the transport model studies of the K + -meson production in the nucleus-nucleus collisions, which provide information on not only the initial collision dynamics but also the nuclear equation of state at high density [5] [6] [7] [8] [9] [10] [11] [12] . Furthermore, the enhancement in the strangeness production has been proposed as a signature for the formation of the quark-gluon plasma in high energy nucleus-nucleus collisions [13, 14] .
The experimental data on the pp → pK + Λ reaction is very scarce. The measurements performed in late 1960s and 1970s provide total cross sections for this reaction at beam momenta greater than 2.80 GeV/c (see e.g. [15] ). With the advent of the high-duty proton synchrotron COSY at the Forschungszentrum, Jülich, it has become possible to perform systematic studies of the associated strangeness production at beam momenta very close to the reaction threshold (2.340 GeV/c). The first round of experiments at COSY have already added [16] 10 new data points to the data base. At near threshold beam energies the final state interaction among the outgoing particles is significant. Therefore, the new set of data are expected to probe also the hyperon-nucleon and hyperon-strange meson interactions along with the mechanism of the strangeness production in proton-proton collisions.
The existing theoretical studies of this reaction are based either on a single boson (π or K meson) exchange mechanism [17] [18] [19] [20] or a resonance model [22] [23] [24] . In the first method, the K + production is assumed to take place essentially through the exchange of one intermediate pion or K-meson; the excitation of any intermediate nucleon resonance is not considered. The K-meson exchange amplitudes were found to dominate [17, 20] the production cross sections. However, the relative sign of the pion and K-meson exchange amplitudes were not fixed in this approach [20] . Furthermore, it has been argued that the existing high energy data can be well reproduced considering only the single pion-exchange process [18, 19] since the contribution of the K-meson exchange amplitude can be compensated by various parameters of the model. In the resonance model [21] of the strangeness production in pp collisions, the π, η, and ρ-meson exchanges are included and the K + meson production proceeds through the excitation of N * (1650), N * (1710) and N * (1720) resonances [22, 24] . However, the terms in the total amplitude involving the interference of various resonances in neglected in these calculations. Moreover, the parameters of the NNπ and NNρ vertices were taken from Bonn nucleon-nucleon potential which may not be adequate at higher beam energies as these have been determined by fitting the NN scattering data below the NNπ production threshold. At the same time, the finite life-time of the ρ meson has not been taken into account while calculating the relevant coupling constants from the experimental branching ratios.
In this paper, we investigate the associated K + production in the proton-proton collisions in the framework of an effective Lagrangian approach [25] [26] [27] [28] , following and extending our previous study [29, 30] on π 0 and π + production. Initial interaction between two incoming nucleons is modeled by an effective Lagrangian which is based on the exchange of the π, ρ, ω and σ mesons. The coupling constants at the nucleon-nucleon-meson vertices are determined by directly fitting the T-matrices of the nucleon-nucleon (NN) scattering in the relevant energy region [32] . The effective-Lagrangian uses the pseudovector (PV) coupling for the nucleon-nucleon-pion vertex (unlike the resonance model [22] ), and thus incorporates the low energy theorems [33] of current algebra and the hypothesis of partially conserved axial-vector current (PCAC). The K + production proceeds via excitation of N * (1650), N * (1710) and N * (1720) intermediate baryonic resonance states which have appreciable branching ratios for the decay into the K + Λ channel. The interference terms between various intermediate resonance states are included which marks a major difference between our work and the resonance model [22] . To describe the recent near threshold data, the final state interaction between the outgoing particles is included within the framework of the Watson-Migdal theory [30] .
The remainder of this paper is organized in the following way. Section II contains details of our theoretical approach. Section III comprises the results of our analysis and their critical discussion. The summary and conclusions of our work is presented in section IV. Finally some technical details are given in appendix A.
II. FORMALISM
We consider the tree-level structure (Fig. 1 ) of the amplitudes for the associated K + Λ production in proton-proton collisions, which proceeds via the excitation of N * (1650)( within the effective Lagrangian approach, one needs to know the effective Lagrangians (and the coupling constants appearing therein) at (i) nucleon-nucleon-meson, (ii) resonancenucleon-meson, and (iii) resonance-K + -hyperon vertices. These are discussed in the following subsections.
A. Nucleon-nucleon-meson vertex
The parameters for NN vertices are determined by fitting the NN elastic scattering T matrix with an effective NN interaction based on the π, ρ, ω and σ meson exchanges. The effective meson-NN Lagrangians are
In Eqs. (2) -(3) σ µν is defined as
We have used the notations and conventions of Bjorken and Drell [31] . In Eq. (1) m N denotes the nucleon mass. It should be noted that we have used a PV coupling for the NNπ vertex. Since we use these Lagrangians to directly model the T-matrix, we have also included a nucleon-nucleon-axial-vector-isovector vertex, with the effective Lagrangian given by
where A represents the axial-vector meson field. This term is introduced because in the limit of large axial meson mass (m A ) it cures the unphysical behavior in the angular distribution of NN scattering caused by the contact term in the one-pion exchange amplitude [32] , if g N N A is chosen to be
with very large (≫ m N ) m A .
We introduce, at each interaction vertex, the form factor
where q is the four momentum and m the mass of the exchanged meson. The form factors suppress the contributions of high momenta and the parameter λ, which governs the range of suppression, can be related to the hadron size. Since NN elastic scattering cross sections decrease gradually with the beam energy (beyond certain value), we take energy dependent meson-nucleon coupling constants of the following form
in order to reproduce these data in the entire range of beam energies. The parameters, g 0 , λ and ℓ were determined by fitting to the elastic proton-proton and proton-neutron scattering data at the beam energies in the range of 400 MeV to 4.0 GeV [29, 32] . The values of various parameters are shown in Table 1 , which are the same as those used in the calculations of the pion production in proton-proton collisions [29, 30] . In this way we ensure that the NN elastic scattering channel remains the same in the description of various inelastic channels within this approach, as it should be.
B. Resonance-nucleon-meson vertex
Since the Λ-hyperon has zero isospin, only isospin-1/2 nucleon resonances are allowed. Below 2 GeV center of mass (c.m.) energy, only three resonances have significant decay branching ratios into K + Λ channel; these are the N * (1650), N * (1710), and N * (1720) resonances with the respective K + Λ branching ratios being 3-11%, 5-25% and 1-15% [34] . In this work only these three resonances have been considered. The N * (1700) resonance having very small (and uncertain) branching ratio for the decay to this channel has been excluded.
Since all the three resonances can couple to the meson-nucleon channel considered in the previous section, we require the effective Lagrangians for all the four resonance-nucleonmeson vertices corresponding to all the included resonances. For the coupling of the spin-1/2-resonances to pion we again have the choice of PS or PV couplings. The corresponding effective Lagrangians can be written as [28, 35] 
where M = (m N * ± m N ), with upper sign for even parity and lower sign for odd parity resonance. The operators Γ, Γ µ , are given by,
for resonances of even and odd parities, respectively. We have performed calculations with both of these couplings. The effective Lagrangians for the coupling of resonances to other mesons are similar to those given by Eq. (2)-(4),
The operators Γ ′ and Γ µν are given by,
for resonances of even and odd parities, respectively. The even parity isospin-1/2 N * (1720) resonance is a spin-3/2 nucleon excited state. We have used the following effective Lagrangians for vertices involving this resonance [28, 35] 
Here,Ψ µ is the N * (1720) vector spinor. It should be remarked here that an operator Θ αµ (z) = g αν − 1 2 (1+2z)γ α γ µ has also been included in the vector spinor vertex in Ref. [28, 35] . This operator describes the off-shell admixture of the spin-1/2 fields [36] . The choice of the off-shell parameter z is arbitrary and it is treated as a free parameter to be determined by fitting to the data. This operator can be easily introduced in Eqs. (15)- (18) which will introduce four additional free parameter in our calculations. We however, work with the Lagrangians as given in Eqs. (19)- (22) , which are identical to those given in [28, 35] for z = 0.5.
C. Resonance-hyperon-strange meson vertex
For vertices involving spin-1/2 resonances, there is again the PS and PV coupling option. In principle one can select a linear combination of both and fit the PS/PV ratio to the data. However, to minimize the number of parameters we choose either PS or PV couplings at a time. The effective Lagrangians for the N * ΛK + vertex is written in the following way, For spin-1/2 resonance,
where M ′ = m N * ± m Λ , with upper sign for even parity and lower sign for odd parity resonance.
For spin-3/2 resonance,
D. Coupling constant for resonances
The resonance couplings are determined from the experimentally observed quantities such as the branching ratios for the decay of the resonances to the corresponding channels.
The partial width for the decay of a resonance (in its rest frame) of mass M N * into a meson of mass m m and energy E m and a nucleon is written in terms of the Lorenz invariant matrix element M as
In case of the meson (in the decay channel) having a finite life time for the decay to another channel (e.g ρ → ππ ), an integration over the phase-space for this decay must be included [37] [38] [39] .
For the spin-1/2 resonance the N * Nπ decay width, with the PS coupling, is given by
while that with the corresponding PV coupling is
where
For spin-3/2 resonance the N * Nπ decay width is
The plus and minus sign in Eqs (27) , (28) and (32) corresponds to even and odd parity resonance respectively.
(ii). N * Nρ vertex
The partial decay width of each resonance for the decay into nucleon and two pions via the ρ meson is given by
In this equation the spectral function S(m) is given by,
with
The value of Γ 0 ρ→ππ is taken to be 150 MeV. The ρ → ππ decay four-momenta p ρππ are defined as
In Eq. (33) Γ * (m) is defined in the following way, For spin-1/2 even parity resonance
where p cm m is defined in the same way as Eq. (29) with m π replaced by m. For spin-1/2 odd parity resonance
For spin-3/2 even parity resonance
Since the resonances considered in this study have no known branching ratios for the decay into the Nω channel, we determine the coupling constants for the N * Nω vertices by the strict vector meson dominance (VMD) hypothesis [40] , which is based essentially on the assumption that the coupling of photons on hadrons takes place through a vector meson.
The N * Nγ partial widths are given as following:
For spin-1/2 even parity resonance,
For spin-1/2 odd parity resonance,
For spin-3/2 even parity resonance,
In these equations q f = ((m
The value of µ N * is determined by fitting to the Nγ partial width of each resonance which is given in terms of the helicity amplitudes A 1/2 and A 3/2 by [34] 
where J is the resonance spin. µ N * is written as the ratio of the couplings at N * ω and ωγ vertices as
Using above equations together with the experimental helicity amplitudes the values of the coupling constants for the N * Nω vertices can be determined. We have used g ωγ = 17 in our calculations.
(iv). N * Nσ vertex
As the sigma meson is, most of the time, a resonance of two pions [41] in S-state, the coupling constants for the N * Nσ vertices are determined from the branching ratios of the decay of the resonances into two pions. We, however reduce the experimental values of these ratios by two third to account for the fact that this correlated state provides only about 2/3 of the total 2π-exchange. The expressions for the partial widths are similar to those given by Eqs. (27)- (32).
The coupling constants for the N * ΛK + vertex is determined from the experimental branching ratios for the N * → Λ K + decay. The expressions for the decay widths are similar to that given by Eqs. (27) - (32) .
We assume that the off-shell dependence of the NN * vertices are determined solely by multiplying the vertex constants by the form factor, which have the dipole form [29, 42] 
The resonance properties used in the calculations of the decay widths are given in Table  2 , where the resulting coupling constants and the adopted values of the cut-off parameters (λ N N * i ) are also given. It may be noted that we have fixed the latter to one value in order to minimize the number of free parameters.
E. Propagators
We require the propagators for various mesons and nucleon resonances in the calculation of the amplitudes. The propagators for pion, ρ meson and axial-vector mesons are given by
In Eq. (51), the mass of the axial meson is taken to be very large (188 GeV), as the corresponding amplitude is that of the contact term. The propagators for ω and σ mesons are similar to those given by Eqs. (50) and (49) respectively. The propagators for spin-1/2 and spin-3/2 resonances are
In Eqs. (52) - (53), Γ * N * is the total width of the resonance which is introduced in the denominator term (p 2 − m 2 N * ) to account for the fact that the resonances are not the stable particles; they have a finite life time for the decay into various channels. Γ * N * is a function of the center of mass momentum of the decay channel, and it is taken to be the sum of the widths for pion and rho decay (the other decay channels are considered only implicitly by adding their branching ratios to that of the pion channel)
Γ N * →N ρ is calculated according to Eq. (33) . Γ N * →N π is taken to be
where ℓ is the orbital angular momentum of the resonance. p cm π is as defined in Eq. (28) and p cm πR is given by the same equation with m N * replaced by p of Eqs. (52) - (53) . Γ 0 is taken to be the total on-shell width of the resonance minus the corresponding width for the nucleon-ρ meson decay channel.
F. Amplitudes and cross sections
After having established the effective Lagrangians, coupling constants and form of the propagators, we can now proceed to calculate the amplitudes for various diagrams associated with the pp → pΛK + reaction. These amplitudes can be written by following the well known Feynman rules [43] . The isospin part is treated separately. This give rise to a constant factor for each graph, which is unity for the reaction under study.
In the following we give expression for various amplitudes for one graph only. In these expressions, we use PV couplings for the N * ΛK + vertices involving spin-1/2 resonances of even and odd parities. It is straight-forward to write the amplitudes for the rest of the cases.
Pion exchange and N * (1710) excitation
PS Coupling for N * Nπ vertex
In Eq. (56) and (57), G are the propagators as defined above. p 1 and p 2 are the momenta of the protons in the entrance channel (the one on the left having suffix 1), p Λ and p 3 are the momenta of the hyperon and the proton in the final channel. The intermediate momenta are given by q = p 2 -p 3 and p = p K + + p Λ . ψ is the Dirac spinor in the spin space.
ρ meson exchange and N * (1710) excitation
ω meson exchange and N * (1710) excitation
In this case the form of the amplitude is similar to that of the ρ meson exchange (Eq. (51)).
σ meson exchange and N * (1710) excitation
Heavy axial meson exchange and N * (1710) excitation
In Eq. (60) the form of the effective Lagrangian for the N * NA vertex is assumed to be the same as that given by Eq. (6) .
Analogous expressions can be written for the amplitudes corresponding to the excitation of (spin-1/2 negative parity) N * (1650) resonance.
Pion exchange and N * (1720) excitation
ρ meson exchange and N * (1720) excitation
ω meson exchange and N * (1720) excitation
The form of the amplitude is similar to that of the ρ meson exchange (Eq. (50)).
σ meson exchange and N * (1720) excitation
We have not included the contribution of the heavy axial-vector meson into these calculations. Very little is known about the Lagrangian density for its coupling to the spin-3/2 resonance. Moreover, it has been shown earlier [29] that the contribution of these terms to the total meson production cross section is negligible.
The amplitudes given above can be simplified by contracting out the gamma matrices using the Dirac equation whenever applicable. The simplified equations are given in Appendix A. The total amplitude is obtained by summing coherently the amplitudes corresponding to all the processes and graphs.
The general formula for the invariant cross sections of the p + p → p + Λ + K + reaction is written as
where A f i represents the total amplitude, P i and P f the sum of all the momenta in the initial and final states, respectively, and p a the momenta of the three particles in the final state. The corresponding cross sections in the laboratory or center of mass systems can be written from this equation by imposing the relevant conditions.
G. Final state interaction
For describing the data for the pp → pΛK + , reaction at beam energies very close to the threshold, consideration of the final state interaction (FSI) among the three out going particles is important. As there exists no theory of the FSI effects in the presence of three strongly interacting particles, we follow here an approximate scheme in line exactly with Watson-Migdal theory of FSI [44] . In this approach the energy dependence of the cross section due to FSI is separated from that of the primary production amplitude. This method has been applied earlier to study the low momentum behavior of the η meson [45] and pion spectra [46, 30, 47] measured in proton-proton collisions. We write for the total amplitude
where M f i (pp → pΛK + ) is the primary production amplitude as discussed above, while T f f describes the re-scattering among the final particles which goes to unity in the limit of no FSI. The latter is taken to be the coherent sum of the two-body on-mass-shell elastic scattering amplitudes of the particles involved in the final channel.
where t i represents the two-body on-shell elastic scattering amplitude (of the interacting particles pair j − k) in the three-body space with ith particle being the spectator. ℓ i and q i denote the partial wave and relative momentum of the j − k particle pair. An assumption inherent in the approximation given by Eq. (65) is that the reaction takes place over a small region of space, a condition fulfilled rather well in near threshold reactions. This allows us to express the amplitudes t i in terms of the inverse of the Jost function, J ℓ i (q i ) [48, 30] . In the analysis presented in this paper we assume ℓ i = 0, for all the three pairs j − k and use the modified Cini-Fubini-Stanghellini formula [49] for the effective range expansion of the phase-shift (δ 0i ) of the relevant pair
to calculate the corresponding Jost function. It may be noted that in case of the pair j − k involving uncharged particle(s), the second terms on the left hand side of Eq. (67) vanishes and C 2 0 goes to unity. In this equation r 0i and a i are the effective range and scattering length parameters respectively for the j −k interacting pair. η is the corresponding Coulomb parameter and
In this case we have
where α is given by
where a ( 1
It may be noted that for large q i , the amplitude t i goes to unity which is to be expected. The extrapolation of the scattering amplitude for the off-shell effects can be achieved by means of a monopole form factor [20] . For a detailed discussion of the off-shell effects we refer to [50] . The factorization of the total amplitude into those of FSI and primary production (Eq. (65)), enables one to pursue the diagrammatic approach for the latter within an effective Lagrangian model and investigate the role of various meson exchanges and resonances in describing the reaction. Moreover, in this way the FSI among all the three outgoing particles can be included. Although the meson-baryon interactions are weak, they can still be influential through interference.
The parameters a and r 0 are very poorly known for the K + -nucleon and K + -hyperon systems as the corresponding scattering data are scarce at low energies. For the hyperonnucleon system several sets of values for these parameters have been given by the BonnJülich [51] and Nijmegen [52] groups from their respective Λ − p interaction models. There is quite some variation in the values given in these sets. For the K + -p and K + -Λ system we have adopted the values given in a recent effective Lagrangian model analysis of the available KΛ and Kp data by Feuster and Mosel [53] . In any case, the cross sections are insensitive to the FSI effects in these channels. On the other hand, these effects are very important in Λ − p channel, and we have performed calculation of the corresponding FSI effects with all the sets of these parameters given by Bonn-Jülich and Nijmegen groups (see Table 3 ) in order to see if the results are sensitive to various models. More details will be given in the next section.
III. RESULTS AND DISCUSSION
The theoretical approach presented in the previous section has been used to study the available data on the p + p → p + Λ + K + reaction for beam energies ranging from just above the production threshold to about 10 GeV. In the results shown below, we have used PS couplings for both N * Nπ and N * ΛK + vertices involving spin-1/2 resonances of even and odd parities. However, calculations have also been performed with the corresponding PV couplings. The cross sections calculated with this option for the resonance-hyperonkaon vertex deviates very little from those obtained with the corresponding PS couplings. However, the PV coupling for the N * Nπ vertex leads to noticeably different results as is discussed below.
A. Cross section data for beam energy above 2 GeV
In Fig. 2 we show the comparison of our calculations with the experimental data for the total cross section for this reaction as a function of beam momentum for incident energies above 2 GeV. In this figure we have investigated the role of various meson exchange processes to the total cross section. The dotted, dashed, long-dashed and dashed-dotted curves represent the contributions of π, ρ, ω and σ meson exchanges respectively. The contribution of the heavy axial meson exchange is not shown in this figure as they are negligibly small. The coherent sum of all the meson-exchange processes is shown by the solid line. The experimental points are taken from [15] . We notice that the measured cross sections are reproduced reasonably well by our calculations (solid line) for all the beam energies except for two lowest points. The FSI effects which are not included in these calculations, reduce the discrepancy between the experimental data and calculations for these beam momenta. This point is discussed in the next subsection.
We note that the pion exchange graphs dominate the production process for all the energies. In comparison to this, the contributions of ρ and ω meson exchanges are almost insignificant. The ρ-meson exchange, which is a convenient way of taking into account the P wave part of the correlated two-pion exchange (CTPE) process, is rather week even in the low energy NN scattering [41] . With increasing projectile energy its contribution decreases further. On the other hand, the σ meson exchange, which models the CTPE in the ππ S-wave and provides about 2/3 of this exchange in the low energy NN interaction, plays a relatively more important role. This observation have also been made in the case of NN → NNπ reaction [54] [55] [56] 29, 30] . Thus, the σ meson exchange provides an efficient means of mediating the large momentum mismatch involved in the meson production reactions in NN collisions, particularly at lower beam momenta.
The relative importance of the contributions of each intermediate resonance to the pp → pΛK + reaction is studied in Fig. 3 , where the decomposition of the contributions from N * (1710), N * (1720) and N * (1650) resonances to the energy dependence of the total cross section are shown by dotted, dashed and dashed-dotted lines respectively. Their coherent sum is depicted by the solid line. It is clear that the contributions from the N * (1710) and N * (1650) resonances dominate the total cross section at beam momenta above and below 3 GeV/c respectively. Moreover, the interference terms of the amplitudes corresponding to various resonances are quite important. This result is in sharp contrast to the resonance model calculations of Refs. [21, 22, 24] , where these terms were ignored conjecturing them to be negligible.
Looking in Table 2 , one might naively expect the dominance of the N * (1710) resonance everywhere as the coupling constants for the N * ΛK + and N * Nπ vertices for the N * (1710) resonance are about an order of magnitude larger than those for N * (1720) and N * (1650) resonances. In fact, the relative importance of various resonances is determined by the dynamics of the reaction mechanism. As the beam energy rises above the K + production threshold, the excitation of the resonance lowest in energy is more probable in the beginning. With the increasing beam energy the excitation of the higher energy resonances starts playing more and more important role.
As mentioned earlier, the use of the PV coupling for the N * ΛK vertices (involving spin-1/2 even and odd parity resonances) makes insignificant changes in the cross sections. However, there is a clear preference for the PS coupling at the N * Nπ vertices. This is shown in Fig. 4 , where the ratio of the total cross section obtained by using the PV (σ P V ) and PS (σ P S ) couplings for these vertices, is shown as a function of the beam momentum. It is seen that σ P V is larger than σ P S at higher beam momenta while at lower ones the reverse is true.
Clearly PS coupling for the N * Nπ vertex provides a better description of the beam energy dependence of the total cross section for the pp → pK + Λ reaction.
B. Cross section data for beam energies below 2 GeV
In Fig. 5 we compare the results of our calculations (with FSI effects included) with the recent data [16] for the pp → pK + Λ reactions at beam energies very close to the kaon production threshold. In this figure the total cross section is shown as a function of the excess energy Table 3 were used.
In Fig. 5a , the results obtained with the parameters sets of models A (solid line),Ã (dotted line), B (dashed line) andB (dashed-dotted line) of the Bonn-Jülich group [51] are shown. It can be noted that all the four models provide similar results for the total cross sections at ǫ ∼ 150 MeV. However, at lower values of ǫ, cross section calculated with models A, andÃ are larger than those of model B andB by a factor of about 2-3. Moreover, there is a difference of a factor of more than 2 between the results obtained with model A and A itself; the former provides a better agreement with the data. The results obtained with the models D, E and NSC of the Nijmegen group [52] are shown in Fig. 5b . These three models produce almost identical results all the values of ǫ. However, while the data at the higher excess energies are reproduced by all the three model quite well, they under-predict the cross sections at lower ǫ by a factor of about 3. Therefore, while all the models of Λ − p interactions provide an equally good description of the total cross section data at higher values of the excess energy, a difference of factors of 2-3 occurs between their predictions at lower values. Thus, the near threshold ΛK + production data in proton-proton collisions are sensitive to the S-wave Λ-nucleon interaction and may be used to distinguish between various models proposed in the literature to describe this interaction. We note that model A of the Bonn-Jülich group provides the best overall description of the data, which has been used to account for the Λ − p FSI effects in all the calculations discussed subsequently.
The individual contributions of various nucleon resonances to the total cross sections of the pp → pΛK + reaction near the production threshold is shown in Fig. 6 , as a function of the excess energy. In contrast to the situation at higher beam energies (p lab ≥ 3 GeV/c), the cross section is dominated by the N * (1650) resonance excitation. This is in line with the observations made in Ref. [23] . Since this is the lowest energy baryonic resonance having an appreciable branching ratio for the decay to the ΛK + channel, its dominance in this reaction at beam energies near the kaon production threshold is to be expected. The contributions of other two resonances (N * (1710) and N * (1720)) are several orders of magnitude smaller, therefore, the resonance-resonance interference terms are also very small. Thus, near threshold energies, this reaction proceeds preferentially via excitation of the N * (1650) resonance. This conclusion is in contrast with the results reported in Ref [24] where it is claimed that the low energy data do not provide a clear clue about the nature of resonance excitation. This is based on the results of the calculations performed by these authors (within the resonance model) of the invariant mass spectrum of the ΛK + pair, whose shape remain similar to that of the pure phase space even if after considering the excitation N * (1650) resonance. However, the FSI effects have not been included in these calculations. These effects which depend on the relative energy of the out-going particle pairs (an hence on the excitation of the particular resonances) may change their invariant mass spectrum at near threshold beam energies. Furthermore, it is not clear if these authors have used energy dependence widths in the denominators of the resonance propagators (see Eqs. (54)- (56)). This is also expected to influence the invariant mass spectrum of the outgoing particle pairs.
In Fig. 7 , we show the contribution of various meson exchanges to this reaction at near threshold beam energies. Various curves have the same meaning as in Fig. 2 . The one pion exchange graphs dominate the reaction in this energy regime as well. On the other hand, the individual contributions of the ρ and ω meson exchange processes are negligible. However, that of the σ meson exchange is substantial in this energy regime. Thus, like near threshold pion production in proton-proton collisions, the heavy scalar meson exchange plays an important role in this case too. It should however, be noted that the interference terms of various meson exchange processes are not negligible; contributions of various exchange processes simply do not add up to the total cross section obtained by the coherent addition of various amplitudes.
IV. SUMMARY AND CONCLUSIONS
We investigated the associated K + Λ production in the proton-proton collisions at energies ranging from near threshold to about 10 GeV. This reaction is of interest as it provides the prospect of testing QCD in the non-perturbative domain at energies larger than the pion mass. In this paper our goal has been to investigate this reaction within an effective Lagrangian model which is proven to be very successful in describing the pion production in NN collisions. Most of the parameters of this model are fixed by fitting to the elastic NN T-matrix; this restricts the freedom of varying the parameters of the model to provide a fit to the data. The reaction proceeds via the excitation of the N * (1650), N * (1710) and N * (1720) intermediate nucleon resonant states. The coupling constants at the vertices involving resonances have been determined from the experimental branching ratios of their decay into various relevant channels. Unlike the NNπ vertex, there is no compelling reason to choose the pseudovector (PV) form for the N * ΛK + and N * Nπ couplings (involving spin-1/2 resonances of even and odd parities) and we investigated both the PV and pseudoscalar (PS) couplings at these vertices. To describe the data at the near threshold beam energies, we have included the FSI effects among the outgoing particles by following Watson-Migdal theory which has been used before successfully to describe the NNη and NNπ reactions in the similar energy regimes.
With the same set of parameters, the model is able to provide a good description of the data at higher as well as near threshold beam energies. The one pion exchange processes make the dominant contribution to the cross section in the entire energy regime. The individual contributions of the ρ and ω meson exchange diagrams is very small every where. Although, the interference terms of their amplitudes with those of other meson exchanges may still be noticeable. On the other hand, the σ exchange makes a relatively larger contribution at lower beam energies, confirming the earlier observation that the heavy scalar meson provides a means of mediating the large momentum transfer in near threshold NN-meson production processes.
While at beam momenta larger than 3 GeV/c, the reaction proceeds predominantly via excitation of the N * (1710) resonance, the process gets maximum contribution from the N * (1650) resonance at lower beam energies. A very striking feature of our results is that the interference among various resonance contributions is very significant. Therefore, the conjecture made in previous studies of this reaction that these terms are negligible must be viewed with caution. The near threshold data clearly favors the excitation of N * (1650) resonance. Therefore, this reaction, in this energy regime, provides an ideal means of investigating the properties of this baryonic resonance.
Unlike the NNπ vertex where there is a clear preference for the PV coupling, as seen in the NNπ data, the present reaction does not distinguish between PS and PV couplings at the N * ΛK + vertex involving spin-1/2 even or odd parity resonance. However, the PS coupling at the N * Nπ vertex is clearly favored by data. The near threshold data may be selective about the model describing the low energy Λ-nucleon scattering. Calculations of the FSI effects performed with the scattering length and effective range parameters of the Jülich-Bonn group produce different results as compared to those performed with the corresponding parameters of the Nijmegen group. The parameters of model A of Ref. [51] provides the best agreement with data.
An obvious extension of the present work is to calculate the cross sections for the pp → pΣK + reaction. There is a proposal to measure this reaction at COSY in Jülich. This will also lead to the inclusive K + cross sections in the elementary nucleon-nucleon collisions which are the necessary input to the transport model calculations of the strangeness production in the heavy ion collisions. This work is currently underway by extending the model to include the excitation of nucleon resonances N * (1990) and delta isobars ∆(1910) and ∆(1920) which are four star and three star resonances respectively.
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APPENDIX A:
By using the straightforward algebra of γ matrices and the Dirac equation the amplitudes given in section 2.F can be rewritten in the forms which are suitable for numerical calculations.
where with the PV coupling for the N * Nπ vertex the constants A and B are given by,
With the corresponding PS coupling these constants are
where C is defined as
σ exchange and N * (1710) excitation
ρ exchange and N * (1720) excitation
This equation can be further simplified by using the form of the propagator
(Eq. (53)). These expressions are not being given here as they are very lengthy even though it is straightforward to derive them. σ exchange and N * (1720) excitation
where E and F are the same as C and D respectively., The numerical evaluation of the amplitudes can be carried out very conveniently by using the techniques of the Clifford algebra. Fig. 5i , as a function of the excess energy. Their coherent sum is shown by the solid line. The FSI effects are included with a and r 0 parameters of the K + − p and K + − Λ systems being the same as those in Fig. 5 and and those for the Λ − p system being taken from the model A of the Jülich-Bonn group. The experimental data are from [16, 15] . Fig. 7 Contributions of π (dotted line), ρ (dashed line), ω (long-dashed line) and σ (dasheddotted line) meson exchange processes to the total cross section for the same reaction as shown in Fig. 6 , as a function of the excess energy. Their coherent sum is shown by the solid line. The FSI effects are included in the same way as in Fig. 6 . The experimental data are from [16, 15] . The total cross section for the p + p → p + K + + Λ reaction very close to the K + production threshold as a function of the excess energy (defined in the text). The FSI effects are included by using the scattering length (a) and effective range (r 0 ) parameters for the K + − Λ and K + − p system taken from the Feuster and Mosel [53] and those for the Λ − p system from the sets given by Jülich-Bonn [51] and Nijmegen [52] groups. In the upper part (a) results obtained with the Λ − p parameters of models A (solid line),Ã (dotted line), B (dashed line) andB (dashed-dotted line) of the former group are shown, while in the lower part (b) those of models D, F and NSC of the latter group are depicted. The results of the three models of the Nijmegen group are indistinguishable from each other. THe experimental data is taken from [15, 16] Contributions of π (dotted line), ρ (dashed line), ω (long-dashed line) and σ (dashed-dotted line) meson exchange processes to the total cross section for the same reaction as shown in Fig. 6 , as a function of the excess energy. Their coherent sum is shown by the solid line. The FSI effects are included in the same way as in Fig. 6 .
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